We investigated mtDNA genetic differentiation and the phylogenetic relationships of 11 populations of the oniscidean genus Ligidium. We studied nine populations from Greece, assigned to three nominal species (L. euboicum, L. germanicum and L. beieri), and two from central Europe (L. germanicum and L. hypnorum), applying RFLP analysis of two mtDNA segments (12S rDNA and 16S rDNA) amplifi ed by PCR. The analysis revealed seven monomorphic and four polymorphic populations, and 17 different haplotypes, each one present in one population only. Several restriction enzymes produced population specifi c patterns, enabling discrimination among the different populations. The estimated net nucleotide divergence between populations ranges from 1.06 to 16.52%, while the high NST value (0.96) indicates the existence of increased interpopulation genetic differentiation that can be attributed to the extreme isolation among Ligidium populations. The relationships between haplotypes and populations are not congruent with their geographical distribution and the established taxonomy within the genus.
Introduction
The genus Ligidium Brandt, 1833, with 47 described species, is distributed in the northern hemisphere from West Europe to Japan and North America (Schmalfuss, 2003) . Eight are endemic to Turkey, with fi ve species restricted to the northwest of the country, six species are endemic to Greece, one is endemic to Romania, another to Bosnia, and two to the rest of Europe. The taxonomy within the genus has been based on the form of the uropods (relative length of exo-and endopodites), the shape and the number of setae on the fi rst and the second male pleopod exopodites, and the structure of the apex of the second male pleopod-endopodite. Sfenthourakis (1993) argued that at least for the species distributed in Greece, most of these characters exhibit high intraspecifi c variation, and may therefore be of limited taxonomic value. The apex of the second male pleopod endopodite, an important diagnostic character, is variable. In addition, its fragile structure is easily destructed, a fact that may cause inaccurate description of its character states due to the effects of malformations, improper handling etc. As a consequence, the actual taxonomic status of Ligidium populations, especially those distributed in southern Greece, remains unclear. Furthermore, it is likely that several of the species described from the Balkans and Asia Minor are synonyms, and probably identical with some broadly distributed European species. In order to shed light on the phylogenetic relationships of populations and resolve taxonomic uncertainties of the genus, we used a molecular approach that provides additional characters and a better insight to the processes of differentiation between populations. Molecular data have been sparsely used in terrestrial isopod phylogenetics (Marcadé et al., 1999; Wetzer, 2001 Wetzer, , 2002 Charfi -Cheikhrouha, 2003; Mattern, 2003) . Molecular data (mtDNA) from selected Ligidium species have been used in analyses with a broader taxonomic context (Michel-Salzat and Bouchon, 2000; Mattern and Schlegel, 2001; Mattern, 2003) , or serving as outgroup taxa for analysis of a related genus (Taiti et al., 2003) . One of these species (L. germanicum) has been reported from Greece (Schmalfuss, 1979) , but the validity of the record was questioned by Sfenthourakis (1993) .
All species of the genus are hygrophilic, living in wet habitats such as the dense leaf-litter layer on riverbanks. In Greece, Ligidium is found in riparian habitats, in the wet leaf-litter layer within a narrow zone (< 3 m) along permanent-fl ow streams, and in the mosses around springs and waterfalls. Thus, their populations are very sensitive to fl uctuations in water fl ow caused by exploitation of freshwater resources for irrigation and other uses by humans. This restriction to semi-isolated habitats may have led, at least in the drier areas of Ligidium's distribution, to a pronounced metapopulational structure with limited gene fl ow among local populations, especially between those belonging to different river systems.
The species known from Greece are L. beieri Strouhal, 1928 , L. cycladicum Matsakis, 1979 , L. euboicum Matsakis, 1975 , L. germanicum Verhoeff, 1901 , L. ghigii Arcangeli, 1928 , L. mylonasi Sfenthourakis, 1992 , and L. werneri Strouhal, 1937 . All are endemic, except L. germanicum, which is widely distributed in central-eastern Europe.
As a fi rst step in our ongoing research project, we used nine populations from Greece and two from central Europe, we analyzed two mitochondrial gene segments of the 12S -and 16S rRNA subunits, and studied the intra-and interpopulation genetic variation using RLFP analysis. Herein, we focus mainly on the populations from the almost insular region of Peloponnisos (today it is separated from the Greek mainland by the isthmus of Korinthos), since these are the most diffi cult to identify and they live in a piece of land that has gone through several events of isolation and reconnection to the Greek mainland (Creutzburg, 1963; Meulenkamp, 1985; Dermitzakis, 1990) . According to Sfenthourakis (1993) , the populations of Peloponnisos belong to L. euboicum, since male specimens seem to have the same genitalia morphology with the latter.
Material and methods
The populations of Ligidium studied herein were collected from the following locations and river systems ( Fig. 1) : Zarouchla (Mt. Chelmos, river Krathis, 38°01'10''N 22°24'80''E), Planiterou (Mt. Chelmos, springs of river Ladon, 37°59'10''N 22°20'80''E), Vasilaki (near ancient Olympia, a stream affluent of river Alfeios, 37°38'00''N 21°41'10''E), near Karveli (between Kalamata and Sparti, river Nedonas, 37°04'40''N 22°11'35''E), near Karytaina (river Lousios, a tributary of river Alfeios, 37°13'60''N 22°08'00''E), near Milies (Mt. Pilio, stream, 39°26'35''N 23°02'00''E, collected by Mrs. Despoina Basakarou), Mt. Dirfys (central Evvoia Island, stream, 38°34'40''N 23°60'00''E), two populations near Karystos (southern Evvoia Island, stream, 38°01'10''N 24°25'30''E and 24°25'50''E), plus one population from Slovenia (L. germanicum) and one from the suburbs of Stuttgart in southern Germany (L. hypnorum), both collected and identifi ed by Dr Helmut Schmalfuss. All Greek populations were collected in riparian habitats, in the litter-layer of broad-leaved hygrophilous plants, mainly Platanus orientalis. The sample size used in the RFLP analysis is given in Table 3 .
All specimens were fi xed and preserved in 95% ethanol. Each specimen was grounded and total DNA was extracted from a whole individual using the DNeasy ® Tissue Kit (Qiagen) following the instructions of the manufacturer with minor modifi cations. For the amplifi cation of the two mtDNA segments, primers 12SCRF and 12SCRR (Lehman et al., 1995) and the universal 16Sar and 16Sbr (Palumbi et al., 1991) were used. Mitochondrial variation was investigated by restriction fragment length polymorphisms (RFLPs) performed on PCR-amplifi ed products.
Amplifi cations were performed in 50 μl volumes containing two units of Taq polymerase, 5 μl of 10x reaction buffer provided by the manufacturer (Promega), 0.2-0.5 mM dNTPs mix, 100-200 ng DNA templates and 0.2-0.5 μM of each primer. PCR amplifi cation conditions were as follows: one preliminary denaturation step at 94ºC for 4 min followed by 34 PCR cycles. Strand denaturation was at 94ºC for 15 sec, annealing at 52ºC for 30 sec and primer extension at 72ºC for 1.5 min. Final extension was at 72ºC for 5 min.
Amplifi ed mtDNA segments from three individuals of each population were digested with 25 restriction enzymes in order to check for the presence of recognition sites. The informative restriction enzymes were then applied to the individuals from each population. Fourteen informative restriction enzymes were used for the 12S rDNA gene fragment (Dde I, Rsa I, Aci I, Nla III, BstN I, Alu I and Dra) and for the 16S rDNA gene fragment (Dde I, Hinf I, Hae III, Rsa I, Taq I, Nla III and Aci I).
The digested fragments were then separated electrophoretically on 2% agarose gels, in TBE buffer, stained with ethidium bromide, and visualized under UV light. The sizes of DNA fragments were compared to the PCR marker (Promega) run on the same gel. In order to identify each fragment, a letter was assigned based on order of appearance on the gel. Composite genotypes for each individual were then defi ned from all the restriction patterns of the mtDNA gene segments studied. The restriction fragment data were converted to restriction site data (gain or loss of restriction site) by visual inspection, as the patterns were readily recognizable.
The degree of nucleotide divergence, both between haplotypes and between populations, was estimated using the REAP computer package (McElroy et al., 1991) . Three methods were used for the construction of phylogenetic trees: the Neighbour-Joining (Saitou and Nei, 1987) and UPGMA (Sneath and Sokal, 1973 ) methods based on nucleotide divergence between haplotypes, as well as net nucleotide divergence between populations, available in the PHYLIP (version 3.4) computer package (Felsenstein, 1993) . We also applied Dollo parsimony analysis (Farris, 1977) , based on the presence or absence of restriction sites. For the application of Dollo parsimony on the population data we constructed two matrices, one with multistate characters for polymorphic states, and one coding all polymorphic states as present (since no more than three haplotypes per population were found, the possible polymorphic character state confi gurations were 01, 011, and 001), which we run with PAUP* 4.0 (Swofford, 1998). The confi dence of the branches was evaluated (1,000 replicates) by the application of the bootstrap method (Felsenstein, 1985) . Trees were drawn using the TREEVIEW program (Page, 1996) . ARLEQUIN (Schneider et al., 2000) was used for the calculation of the Minimum Spanning Network among haplotypes. The degree of geographical heterogeneity of mtDNA haplotype distribution was assessed using a χ 2 statistic, as described by Roff and Bentzen (1989) . The significance level was obtained by 1000 Monte Carlo randomizations using the MONTE program from the REAP package. N ST (Lynch and Crease, 1990) was used to estimate the degree of population subdivision at the nucleotide level. The resulting index gives the ratio of the average genetic distance between genes from different populations relative to that among genes in the population. Values of N ST range from 0 (no population subdivision) to 1 (complete population subdivision). 
Results
The sizes of the PCR-amplified mtDNA segments for all populations studied were found to be about 370 bp for 12S rDNA and 530 bp for 16S rDNA. Seven restriction enzymes had at least one recognition site in each of the amplified 12S rDNA and 16S rDNA segments. The restriction enzymes used generated a total of 40 restriction sites corresponding to an estimated fragment of 172 bp analyzed. Fragment patterns produced by each restriction enzyme for the mtDNA segments studied are shown in Tables 1 and 2 . Several restriction enzymes produced population specifi c patterns. More specifi cally, all three populations from Evvoia (L. euboicum) can be distinguished from all others by the enzymes Dde I and Dra I (12S rDNA) and Nla III (16S rDNA). The Dirfys population is distinguished from all others by Hinf I, Hae III, (16S rDNA), and Nla III (12S rDNA), while there is one restriction enzyme, Nla III (16S rDNA), that can be used for the distinction among the population of Dirfys from those of Karystos. Furthermore, Dde I (12S rDNA) is diagnostic for each one of the three populations from Evvoia. Central European populations (L. hypnorum from Stuttgart and L. germanicum from Slovenia) can be distinguished from all Greek populations by Dra I (12S rDNA) and can also be distinguished among each other by Hinf I (16S rDNA). The only continental Greek populations that have a diagnostic pattern are the one from Lousios and the one from Planiterou (Dra 12S rDNA).
The combined results from the two gene segments revealed the presence of 17 haplotypes (Table 3) . Intrapopulation variation was observed in only Haplotype Diversity: 0.000 0.000 0.133 0.000 0.248 0.425 0.000 0.000 0.000 0.448 0.000
Standard Error: 0.000 0.000 0.112 0.000 0.131 0.133 0.000 0.000 0.000 0.134 0.000
Nucleotide Diversity%: 0.000 0.000 0.806 0.000 0.207 1.546 0.000 0.000 0.000 1.300 0.000
Sample size: four of the 11 populations examined. Two of them revealed the presence of two haplotypes, while the remaining two revealed the presence of three haplotypes. Each haplotype was present in only one popu-lation; therefore, it is trivial to report that the differences in haplotype frequencies among populations are highly signifi cant (χ 2 = 1510, P < 0.001). The Minimum Spanning Network of the 17 haplotypes is given in Fig. 2 . The haplotypes (composite genotypes) detected in the populations studied, the haplotype frequencies, and the haplotype and nucleotide diversity values are given in Table 3 . Estimated nucleotide sequence divergence among the seventeen haplotypes was found to range from 0.671 to 18.215% (data not shown). The net interpopulation nucleotide divergence estimates among the eleven populations studied varied from 1.06%, between Karystos 1 and Karystos 2 (both L. euboicum), to 16.52%, between Dirfys (L. euboicum) and L. germanicum from Slovenia (Table 4) .
The estimated N ST value is 0.96, a value showing that almost all genetic diversity observed was between populations, and only 4% comes from within populations.
The relationships among haplotypes according to Dollo parsimony criterion are depicted in the consensus cladogram of Fig. 3 . Bootstrap values for most clades are very low, so that only a few relationships are confi dently supported. For example, one haplotype of L. germanicum seems to be related more to the haplotypes of L. hypnorum than to the other haplotypes of its own species, but this clade is not supported by bootstrap. The haplotype trees produced by the Neighbour-Joining and UPGMA methods are not shown because their topology is very similar. The haplotypes of the European species, L. hypnorum (Stuttgart) and L. germanicum (Slovenia), seem to form a separate clade. Nevertheless, the relationships among Greek haplotypes are not fully resolved. The only well supported clades are: the clade of southern Table 3 .
Evvoia populations (Karystos 1 and 2 -L. euboicum), and the one containing haplotypes from the three monomorphic populations from central Peloponnisos (Planiterou, Vasilaki, Lousios). The groups produced by Dollo parsimony are quite different than those implied in the Minimum Spanning Network. This is probably due to increased levels of homoplasy and to the different algorithms employed by the two methods. The low explanatory value of these analyses calls for the application of additional methods, such as gene sequencing, as well as the inclusion of additional material. The tree depicting the relationships among populations according to the Neighbour-Joining method are given in Fig. 4 . Both other methods produced very similar tree topologies, therefore are not shown. We should mention only that the presence/absence coding lead to extensive polytomies, while the multistate coding lead to topologies similar to those of the other methods. The groups of populations are in general concordance with those of haplotypes. The common elements in both trees are: a) the group of three populations from Peloponnisos (Lousios, Vasi-laki, Planiterou), b) the group of Pilio and Zarouchla, c) the group of southern Evvoia (Karystos 1, 2), and Fig. 3 . The strict consensus unrooted tree of haplotypes produced from the two most parsimonious trees found (PAUP* 4.0, Dollo's parsimony, heuristic search, TBR Branch swapping algorithm). Tree length = 61, Consistency Index (excluding uninformative characters) = 0.44, Retention Index = 0.67, Homoplasy Index (excluding uninformative characters) = 0.56. Numbers on clades are percent bootstrap values larger than 50 (1,000 replicates). Fig. 4 . The unrooted Neighbour-Joining tree of populations. Parsimony and UPGMA produced very similar topologies, therefore are not shown. Abbreviations as in Table 3 . d) the group of European populations (L. hypnorum from Stuttgart and L. germanicum from Slovenia), despite the fact that they belong to well-established different species.
Discussion
The DNA RFLP analysis of nine Greek and two central European populations of terrestrial isopods belonging to Ligidium species revealed a strikingly high level of variation between populations, coupled with low levels of variation within populations. Each of the seventeen haplotypes found is unique in one population only. Divergence values between populations are comparable to those between species in other, phylogenetically related, animal groups. In particular, Marcadé et al. (1999) consider the 13% divergence among populations of the species complex Porcellionides pruinosus from France and Tunisia-Greece-Réunion island as indicative of the presence of separate species. A similar value (12.3%) has been found between different species of the crustacean genus Artemia using RFLP analysis of the 16S rDNA gene segment (Gajardo et al., 2004) . At the same time, genetic distance between different species of the decapod Emerita, based on nucleotide data, lies also between 13-15% (Tam et al., 1996) , while the genetic distance, according to RFLP analysis of COI and COII segments, among allopatric populations of the marine isopod Saduria entomon from northeastern Europe are lower than 2% (Sell, 2003) . In comparison, looking also at non-related taxa, divergence values around 10% have been documented for marine and estuarine populations of Atherina boyeri in Greece , which in fact are considered to be different species. Papasotiropoulos et al. (2002) have found divergence values ranging from 1.61 to 15.12 between different species of Grey Mullets (Mugilidae).
Even though there are no other data concerning genetic distance among terrestrial isopods on the basis of RFLP analysis, it is reasonable to consider that the distance values found between Ligidium populations are very high considering the geographical scale of the present analysis. These results are compatible with the biology of these animals, since they live within a narrow range of habitat types (see Introduction), forming local populations with very restricted gene fl ow between them.
It is remarkable that population divergence is incongruent with geographical distance among populations. Additionally, the well-established species L. hypnorum (Stuttgart) and L. germanicum (Slovenia) show a divergence of only 5% between them, lower than that of almost all other pairs of populations from Greece, even of populations inhabiting the same river system (Lousios and Vasilaki). Only the two populations from southern Evvoia Island (Karystos 1,2) show a lower nucleotide divergence, but they have been collected within a distance of less than 300 m and from the same river system. These populations, though, show a very high genetic distance from the population of central Evvoia (Dirfys), which belongs to the same species (L. euboicum); nevertheless they are placed in the same clades in both the population tree and the Minimum Spanning Network (MSN) of haplotypes.
The relationships among populations, as revealed by the trees of haplotypes (Fig. 3) , populations (Fig.  4 ) and the MSN of haplotypes (Fig. 2) , reveal two pertinent groups, one consisting of the insular populations from Evvoia Island (Dirfys, Karystos 1, 2), and one consisting of the three monomorphic populations from central Peloponnisos (Planiterou, Lousios, Vasilaki). Another relatively well-supported relationship is the one between the population from Mt. Pilio (L. beieri) and the one from northern Peloponnisos (Zarouchla). We should note that whereas Zarouchla and Planiterou lie close to each other from a geographical perspective, the respective Ligidium populations have been collected from rivers that fl ow towards different directions. The one at Zarouchla (Krathis river) fl ows to the north (Korinthiakos Gulf), whereas the one at Planiterou to the southwest (Ionian Sea). It seems that the populations from central Peloponnisos belong to the same stock, while those from its northern and southern part (Nedonas river) are more variable and may have a different history. Also, it is evident that it is not possible to draw a clear line between the Greek species and the European ones, even though the haplotype and the population trees suggest that European populations may belong to a distinct clade. Nevertheless, there are certain haplotypes in Greek populations that are more closely related to haplotypes of the European species. Comparing the restriction site patterns (Tables 1, 2) with haplotype distribution on the MSN and the trees, we can see that most variation is due to the repeated and independent gain and/or loss of restriction sites. This means that there are increased levels of homoplasy in the data, probably resulting in low bootstrap values supporting the clades in these trees.
Another important fi nding is that the patterns of genetic divergence are not consistent with phenotypic divergence. As already stated, most morphological features of these animals are not subject to differentiation among species, while most of the characters traditionally used in the taxonomy of the genus exhibit overlapping variation (Sfenthourakis, 1993) . The only dependable taxonomic character found so far, the male pleopod-endopodite 2, has the same structure in all specimens from Peloponnisos and Evvoia examined so far, whereas it differs in the specimens from Mt. Pilio (see fi gures in Sfenthourakis, 1993) . Furthermore, this same character, as well as several other morphological features (e.g. coloration, relative length of uropod exo-and endopodite), differ strikingly between the two European populations. Genetic divergence, though, does not agree with these phenotypic patterns. We should note that, even though the present RFLP analysis has not lead to a resolution of phylogenetic relationships among populations, its results are suggestive for some discrepancy among patterns exhibited by molecular and morphological data.
The overall observations indicate an extremely high level of isolation among populations coupled with conservatism in phenotypic characters. It is not safe to translate genetic divergence in statements about phylogenetic relationships and taxonomy, since a large part of the variation is due to homoplasic changes. Further work involving more populations as well as sequence data are needed before we can resolve the phylogeny of Greek Ligidium species. On the other hand, we have shown that morphological features alone seem inadequate to reveal the standing diversity and to resolve the phylogenetic relationships inside this taxon.
